18 F]fluorodopa (FDOPA)/positron emission tomography (PET) recordings (K in app ) may be prone to negative bias because of oversubtraction of the precursor pool in the region of interest, and because of diffusion of decarboxylated FDOPA metabolites from the brain. These effects may reduce the sensitivity of FDOPA/PET for the detection of age-related changes in dopamine innervations. To test for these biasing effects, we have used a constrained compartmental analysis to calculate the brain concentrations of the plasma metabolite 3-O-methyl-FDOPA (OMFD) during 120 mins of FDOPA circulation in healthy young, healthy elderly, and Parkinson's disease subjects. Calculated brain OMFD concentrations were subtracted frame-byframe from the dynamic PET recordings, and maps of the FDOPA net influx to brain were calculated assuming irreversible trapping (K app ). Comparison of K in app and K app maps revealed a global negative bias in the conventional estimates of FDOPA clearance. The present OMFD subtraction method revealed curvature in plots of K app at early times, making possible the calculation of the corrected net influx (K) and also the rate constant for diffusion of decarboxylated metabolites from the brain (k loss ). The effective distribution volume (EDV 2 ; K/k loss ) for FDOPA, an index of dopamine storage capacity in brain, was reduced by 85% in putamen of patients with Parkinson's disease, and by 58% in the healthy elderly relative to the healthy young control subjects. Results of the present study support claims that storage capacity for dopamine in both caudate and putamen is more profoundly impaired in patients with Parkinson's disease than is the capacity for DOPA utilization, calculated by conventional FDOPA net influx plots. The present results furthermore constitute the first demonstration of an abnormality in the cerebral utilization of FDOPA in caudate and putamen as a function of normal aging, which we attribute to loss of vesicular storage capacity.
Introduction
Positron emission tomography (PET) has been used to map the uptake and retention in the brain of the levodopa analogue [ 18 F]fluorodopa (FDOPA) after intravenous injection (Garnett et al, 1983) . The preferential accumulation of radioactivity in the healthy striatum during several hours after labeled levodopa administration is linked to the formation in situ of labeled dopamine (Cumming et al, 1987a (Cumming et al, , b, 1988 , and the prolonged retention of decarboxylated radiotracer metabolite within synaptic vesicles (Horne et al, 1984; Cumming et al, 1988; Deep et al, 1997) . However, the kinetic analysis of FDOPA retention results in a complex model, which requires reduction to allow useful regression Huang et al, 1991) . Clinical FDOPA/PET studies are frequently quantified by a linear graphical analysis based on methods for calculating the net influx to the brain of deoxyglucose (Gjedde, 1981 (Gjedde, , 1982 Patlak et al, 1983; Patlak and Blasberg, 1985) , in which the net influx K is a macroparameter defined as K 1 k 3 /(k 2 þ k 3 ), where K 1 is the unidirectional blood-brain tracer clearance, k 2 is the clearance rate constant of free tracer from brain, and k 3 is the rate constant of irreversible metabolic trapping in the brain by an enzymatic or binding process (Table 1) .
The graphical analysis of FDOPA influx is complicated by the accumulation in the brain of the FDOPA plasma metabolite 3-O-methyl- [ 18 F]FDO-PA (OMFD), and also by the eventual diffusion of decarboxylated FDOPA metabolites from the brain. In practice, the apparent distribution volume of FDOPA in the brain has been estimated by subtraction of the total radioactivity in a nonbinding reference region; the ratio of this apparent distribution volume in the brain relative to the plasma FDOPA concentration is plotted as a linear function of the normalized arterial FDOPA input (K in app ; Gjedde, 1988; Martin et al, 1989) , generally assuming that the product [ 18 F]fluorodopamine is entirely trapped in brain during the course of the PET recording. However, because of the violation of several model-based assumptions, it remains uncertain how the index K in app relates to the kinetically defined net clearance K.
In clinical FDOPA/PET studies of patients with Parkinson's disease, the magnitude of K in app is substantially reduced in the striatum, especially in the putamen (Snow et al, 1990; Bhatt et al, 1991; Hoshi et al, 1993; Ishikawa et al, 1996a; Vingerhoets et al, 1996; de la Fuente-Fernández et al, 2000; Rousset et al, 2000) , in proportion to the extent of loss of nigrostriatal neurons. However, as stated above, this graphical analysis is complicated by the accumulation in plasma of the brain-penetrating metabolite OMFD, which is formed by the action of catechol-Omethyltransferase (COMT) in peripheral tissues (Boyes et al, 1986; Melega et al, 1991; Cumming et al, 1993) . The effect of the presence of OMFD in the brain on the physiologic interpretation of K in app has been a matter of debate Dhawan et al, 1997; Holden et al, 1997) , and the subject of new PET investigations (Sossi et al, 2003) . In particular, subtraction of the entire radioactivity measured in the reference tissue, assumed to constitute FDOPA and OMFD, must bias the apparent FDOPA distribution volume in binding regions, since this procedure reduces the tracer distribution volume by the concentration of the precursor pool measured in the nonbinding region. Furthermore, the K in app method is uncorrected for the diffusion of [ 18 F]fluorodopamine metabolites from the brain (Cumming et al, 1994) , which reduces the slope of K in app plots at late circulation times .
In the present study, we hypothesized that K in app , the conventional approach for calculation of FDOPA utilization in the brain, introduces a two-fold bias in the estimation throughout the brain of K, the intrinsic net blood-brain clearance of FDOPA. To test this claim, we now define specific forms of the net blood-brain clearance of FDOPA (Table 1) for the case in which the contribution of OMFD to total brain radioactivity has been removed mathematically (K app ), and for the case (K) in which the influx has also been corrected for loss of decarboxylated FDOPA metabolites by simple diffusion (k loss ). To this end, a conventional constrained compartmental model was used to calculate the concentration curve for OMFD in the cerebellum, which was then subtracted frame-by-frame from the dynamic emission recordings, before estimation of the net bloodbrain clearance. To test for bias, a systematic comparison of the parametric maps of K in app and K app was made in groups of young and aged normal control subjects and in Parkinson's disease patients. The magnitude of K in app is reduced by the eventual catabolism of [
18 F]fluorodopamine to metabolites that diffuse from the brain (k loss ), especially when calculated from dynamic emission recordings of long duration Doudet et al, 1998; Cumming et al, 2001; Sossi et al, 2001 Sossi et al, , 2002 Sossi et al, , 2003 . The effective distribution volume, an index of the specific binding capacity for FDOPA metabolites in the brain, has been defined as the ratio K in app /k loss (EDV 1 ; Sossi et al, 2001 Sossi et al, , 2002 , and in the present study as the ratio K/k loss (EDV 2 ). We hypothesized that subtraction of the reference tissue radioactivity obscures the negative deviation of influx plots already present during the first two hours of FDOPA circulation, and also obscures declines in the magnitudes of k loss and effective distribution volume (TACs) as a function of normal aging or Parkinson's disease. To test this hypothesis, we used timeradioactivity curves (TACs) prepared by subtraction of the calculated brain OMFD concentrations to calculate the magnitudes of k loss and EDV 2 in the striatum of groups of healthy young, healthy aged, and Parkinson's disease subjects.
Materials and methods

Scanning Procedures
This study was approved by the Research and Ethics Committees of Aarhus University and the University of Mainz. Fifteen neurologically normal healthy subjects divided into groups less than 50 years of age (n ¼ 7; 27.67 5.2 years) and greater than 50 years of age (n ¼ 8; 59.077.1 years) and five patients with Parkinson's disease (62.07 8.2 years) were recruited. All subjects provided written informed consent to participate in the PET study. The absence of medical, neurologic (other than Parkinson's disease), and psychiatric history (including alcohol and drug abuse) was assessed by history, review of organ systems, physical examination, routine blood test, urine toxicology, and electrocardiogram. Clinical severity and history of the Parkinson's disease subjects are reported elsewhere (Kumakura et al, 2004) . The Parkinson's disease patients were all positive to the apomorphine challenge test (Bonuccelli et al, 1993) , had a Hoehn and Yahr score of II, and a mean duration of illness of 3.771.2 years. The patients were under treatment with levodopa (Sinemet) monotherapy, and had never been exposed to COMT inhibitors, monoamine oxidase (MAO) inhibitors, or dopamine direct agonists.
All subjects were scanned in an overnight fasting condition. Parkinson's disease patients had a pause of routine medication for 3 days before the PET examination. Catheters were placed in an antecubital vein and a radial artery of the nondominant hand. Carbidopa (Merck Sharpe and Dohme) was administered 1 h before the initiation of PET recordings in order to block the decarboxylation of the tracer in peripheral tissues at a dose of 150 mg (orally). This dose is conventional for human FDOPA/PET studies, and is less than one half that is frequently used in primate studies (Psylla et al, 1997; Yee et al, 2001) . Subjects reclined on the scanning bed of the ECAT EXACT HR 47 whole body positron emission tomograph (CTI/Siemans, Knoxville, TN, USA) operating in 3-D acquisition mode, with their heads comfortably immobilized using a custom-made head-holder. Recording of a 10-min transmission scan was completed just before the radiotracer injection. Recording of a dynamic emission sequence lasting 120 mins was initiated on intravenous injection of FDOPA (200 MBq). The emission recordings typically consisted of 6 Â 0.5, 7 Â 1, 5 Â 2, 4 Â 5, 5 Â 10, and 1 Â 30 mins frames, for a total of 120 mins. During the emission recording, a series of 40 arterial blood samples were collected at the following intervals after tracer injection: 18 Â 10 secs, 4 Â 0.5 mins, 5 Â 1 mins, 6 Â 5 mins, 5 mins, and 7 Â 10 mins. After centrifugation, the total [ 18 F]-radioactivity concentration in plasma was measured with a well-counter cross-calibrated to the tomograph, and decay-corrected to the time of FDOPA injection. The fractions of untransformed FDOPA and its major plasma metabolite OMFD were determined in 8 selected plasma samples (2.5, 5, 15, 25, 35 60, 90 , and 120 mins) by reversephase high-performance liquid chromatography , and the continuous input functions for FDOPA and OMFD were calculated by interpolation of biexponential functions to the measured fractions (Gillings et al, 2001 ). The two arterial input curves were used to calculate the magnitudes of the apparent whole body activity of COMT with respect to FDOPA (k 0 , min À1 ) and the rate constant for the elimination of OMFD from plasma (k À1 min
À1
), an index of renal function , by nonlinear regression.
Preparation of Brain Time-Radioactivity Curves
The entire dynamic PET sequences, consisting of 28 frames, were realigned and corrected for interframe head motion by frame-wise use of a rigid-body transformation with six degrees of freedom using an MRI-derived 4D-template specific for FDOPA (Reilhac et al, 2003; Kumakura et al, 2004) . After motion correction, individual summed emission images were calculated and registered to the MNI stereotaxic brain, using the affine transformation of the AIR algorithm (Woods et al, 1992) , fitted to a gray matter MRI template of the MNI average brain (Collins et al, 1998 ; International Consortium for Brain Mapping, ICBM) with its striatum intensity doubled, to emulate radioactivity distribution of the emission images. To make use of VOIs drawn on the MNI stereotaxic brain, the summed dynamic emission sequences after motion correction were resampled into the stereotaxic space using the transformations calculated as mentioned above. TACs were then extracted by binary masking VOIs of the bilateral putamen (9. The schema describing FDOPA kinetics in brain tissue is presented in Figure 1 , and the kinetic and modeling terms are defined in Table 1 . This model, which identifies at least six parameters in binding regions and four parameters in a nonbinding reference region, is clearly overspecified, and has therefore been reduced by the use of physiologic constraints Hoshi et al, 1993) . In particular, the ratio (q) of D is assumed to be negligible throughout the brain. The activity of DOPA decarboxylase is assumed to be zero in the cerebellum reference region, but elsewhere FDOPA is decarboxylated at the rate constant k 3 D (min
À1
). The product [ 18 F]fluorodopamine formed in the brain, together with its subsequent metabolites, is assumed to diffuse from the brain as a single compartment at the rate constant k loss (min À1 ) (modified after Gjedde et al, 1991) . , was fixed to the mean experimentally determined value of 1.5 , the two amino acids are assumed to have a common blood-brain partition volume (
, and, in the present analysis, the plasma volume in the brain (V 0 ) was fixed at 0.05 mL/g (see Cumming and Gjedde (1998) for discussion and experimental support for these assumptions). In the constrained model, the magnitude of V e is first determined in the cerebellum, where the rate constant for decarboxylation of FDOPA (k 3 D ) is assumed to be zero. The estimate of V e is then used as a constrained input parameter for the estimation of the magnitude of k 3 D in brain regions containing DOPA decarboxylase activity. In the present analysis, the one-compartment constrained model was fitted to the dynamic TACs recorded in the cerebellum during the initial 60 mins of FDOPA circulation. Thus, the parameters to be estimated in the cerebellum by nonlinear optimization were the unidirectional blood-brain clearance (K 1 D ) and the elimination rate constant of FDOPA from the brain (k 2 D ), calculated using custom-made software on IDL (Research Systems Inc., Boulder, CO, USA). In the course of this optimization procedure, the corresponding estimates of K 1 M and k 2 M in the cerebellum are also obtained by the multiplicative factor q, according to the assumptions of the constrained compartmental model described above. Then, a brain TAC was calculated for OMFD as a convolution of the plasma OMFD input function and the impulse response function determined by K 1 M and k 2 M , assumed to be of uniform magnitude throughout the brain.
Finally, the calculated TAC for OMFD in the cerebellum was subtracted frame-by-frame from the original dynamic recording.
To test for age effects in tracer bioavailability, the area under the curve (AUC) for plasma FDOPA of the six youngest (26.073.5 years) and six eldest (61.077.1 years) normal subjects was calculated during the 120 mins recording interval and normalized to a common FDOPA input with AUC of 500 MBq/mL min. Individual plasma OMFD TACs were then rescaled using the same normalization factor, and the mean normalized OMFD inputs were calculated in groups of the six youngest and six oldest normal control subjects. Individual OMFD curves calculated in the cerebellum in the young and elderly control subjects were normalized to the common FDOPA arterial input.
Mapping of [ 18 F]fluorodopa Influx
Voxel-wise graphical analysis of the magnitude of the net blood-brain clearance of FDOPA (Gjedde, 1981 (Gjedde, , 1982 Patlak et al, 1983; Patlak and Blasberg, 1985) was performed in the PET native space using MATLAB (The Mathworks, Natick, MA, USA). Maps of the net bloodbrain clearance, K in app , were calculated by graphical analysis with conventional frame-by-frame subtraction of the total TAC in the cerebellum (Martin et al, 1989) . Maps of the net clearance were likewise calculated using the dynamic images after frame-by-frame subtraction of the The rate constant for transfer of a tracer in brain to blood k 3 min
À1
The rate constant for the irreversible trapping of a tracer in brain, defined by hexokinase activity in the case of FDG and by the activity of DOPA decarboxylase in the case of FDOPA V e mL/g The equilibrium distribution volume of a tracer in a nonbinding region (
An index of the utilization of FDOPA calculated by graphical analysis using an occipital cortex tissue input
The net blood-brain clearance of FDOPA in a region of interest calculated by graphical analysis, with subtraction of the total radioactivity measured in a nonbinding region, and assuming no loss of decarboxylated metabolites K in mL/g min The net blood-brain clearance of FDOPA in a region of interest calculated by graphical analysis, with subtraction of the total radioactivity measured in a nonbinding region, and assuming diffusion of decarboxylated metabolites from the brain K app mL/g min The net blood-brain clearance of FDOPA in a region of interest calculated by graphical analysis after mathematical subtraction of the calculated brain concentrations of OMFD, and assuming no loss of decarboxylated metabolites K mL/g min The intrinsic utilization or net blood-brain clearance of a tracer defined kinetically in terms of K 1 , k 2 , and
In the case of FDG, the return of trapped FDG-phosphate to the precursor pool in the brain k 7 min
The activity of monoamine oxidase with respect to [ 18 F]fluorodopamine in the brain k 9 min
The rate constant for the diffusion of acidic [ 18 F]fluorodopamine metabolites from the brain k loss min
The rate constant for the diffusion of decarboxylated FDOPA metabolites from the brain, a composite of k 7 and k 9 EDV 1 mL/g
The ratio K in app /k loss , an index of the dopamine storage capacity in the brain (Sossi et al, 2001 ) EDV 2 mL/g
The ratio K/k loss , an index of the dopamine storage capacity in the brain PET studies of FDOPA brain utilization Y Kumakura et al calculated brain OMFD concentration (K app ). For the preceding calculations, the individual metabolite-corrected arterial inputs for FDOPA were used, and the linearization was obtained using emission frames recorded in the interval of 20 to 60 mins, based upon earlier experience . The resultant parametric maps were resampled into the common stereotaxic space using the transformations calculated as described above. The individual K in app and K app maps were smoothed with an isotropic 3-D Gaussian kernel of 12 mm full-width at half-maximum (FWHM), and mean images were calculated for each of the three groups (healthy young, healthy aged, and Parkinson's disease subjects). Effects of the subject group and method of analysis on the mean estimates in the caudate, putamen, and medial frontal cortex were tested using the two-tailed Student's t-test.
k loss and Effective Distribution Volume
Based on a generalization of graphical analysis (Patlak and Blasberg, 1985) , the conventional method for estimation of K in app has been extended by correcting for the eventual catabolism of [
18 F]fluorodopamine and diffusion of its acidic metabolites from the brain (k loss ; Holden et al, 1997; Doudet et al, 1998) . This method has previously been applied to the analysis of 4-h-long emission recordings; in the present study, we tested methods for the estimation of the magnitudes of K in and k loss using the available 2-h-long recordings. The ratio of the magnitudes of K in app and k loss has previously been defined as the effective distribution volume of FDOPA in the brain (EDV 1 ). In the present analysis, we used the modified graphical analysis to estimate the magnitudes in the brain of K and k loss (and the ratio, EDV 2 ), that is, after subtraction of the calculated brain OMFD radioactivity, and with exclusion of the first ten minutes of data from the nonlinear regressions of the 2-h-long data sets.
Results
The mean magnitude of K 1 D in the cerebellum was close to 0.03 mL/g in all subject groups (not shown), as reported previously . The mean magnitude of V e from the compartmental modeling of cerebellum was 0.7870.17 mL/g for the healthy young population, 0.7470.09 mL/g for the healthy elderly population, and 0.877 0.06 mL/g for the Parkinson's disease population (Po0.05, compared with the age-matched healthy population).
A typical fitting of the constrained compartmental model to a TAC recorded in the cerebellum and the calculated TAC for OMFD in the brain are illustrated in Figure 2 . The measured AUC in the putamen of a normal subject and the curve calculated by subtraction of the calculated brain OMFD curve are shown in Figure 3A , and the linear graphical analyses (Patlak/Gjedde plots) of the same data by the methods of K in app and K app are shown in Figure 3B . The population-mean rate constants for the formation of OMFD in plasma (k 0 D ) and its elimination from plasma (k À1 M ) are summarized in Table 2 . There was a significant decline in the magnitude of k À1 M with age. For the six youngest and six eldest subjects, the mean normalized plasma input functions for OMFD ( Figure 4A ) are shown along with the calculated cerebellum concentrations of OMFD ( Figure 4B ). The mean area under the normalized plasma curves for OMFD was 260737 MBq/mL min for the six youngest subjects and 3747110 MBq/ mL min for the six eldest normal subjects ( Figure  4A ; P ¼ 0.036); the two groups were significantly different at all times after 50 mins (Po0.05). The mean area under the normalized radioactivity concentration curves for OMFD in the cerebellum in the young (197747 MBq/mL) and in the elderly (2307 43 MBq/mL) groups did not differ, although at all times after 50 mins, cerebellum OMFD concentrations were greater in the elderly group (Po0.05, see Figure 4B ).
Mean parametric maps of K in app and K app in the healthy young, healthy elderly, and Parkinson's disease patients are illustrated in Figure 5 . The mean estimates of K in app , K app , and K in the frontal cortex, caudate, and putamen are summarized in Table 3 . Relative to the mean magnitudes of K in app , the magnitudes of K app were significantly higher in all three brain structures for all three subject groups. Throughout the brain, and in all subject groups, the magnitude of K app was positively offset from the magnitude of K in app by 0.004270.0016 mL/g in the young subjects, 0.002770.0018 mL/g min in the healthy elderly group, and 0.002870.0018 mL/g in the Parkinson's disease group (not significant). Stable estimates of the magnitudes of K in and k loss using the method of Sossi et al (2001) could not be obtained using the present 2-h-long emission recordings. However, it was possible to calculate K and k loss in VOIs from the medial frontal cortex, caudate and putamen after frame-by-frame subtraction of the calculated brain OMFD concentrations (Table 3) ; magnitudes of K were significantly greater than K in app and K app . In the Parkinson's disease and healthy aged control groups, the magnitude of K app was significantly decreased in the medial frontal cortex, whereas the magnitude of K was greater in medial frontal cortex of both the aged control and Parkinson's disease groups, relative to the young control subjects. The magnitudes of K in app and K app were reduced in the putamen but not caudate nucleus of the Parkinson's disease group relative to the both , and the normalized concentrations calculated in the cerebellum using a constrained compartmental model (B) in healthy young subjects (26.07 3.5 years) and healthy elderly subjects (61.077.1 years). Each estimate is the mean7s.e.m. of six determinations. At times after 50 mins, the normalized plasma and brain OMFD radioactivities of these two populations were significantly different (unpaired t-test, Po0.05).
normal control groups. There were no significant differences between the magnitudes of K in app , K app or K in the caudate or putamen of the healthy aged and young groups. The magnitude of k loss in the medial frontal cortex, caudate and putamen was significantly increased in healthy aged controls as compared with PET studies of FDOPA brain utilization Y Kumakura et al young control subjects, and was also increased in patients with Parkinson's disease in comparison to both the young and aged healthy control groups (Table 3) . Conversely, the magnitude of the ratio EDV 2 was significantly reduced in the frontal cortex, caudate, and putamen of healthy aged controls as compared with young control subjects, and was further reduced in caudate and putamen of patients with Parkinson's disease in comparison to healthy young and aged control subjects (Table 3) .
Discussion
The presence of substantial amounts of the brainpenetrating metabolite OMFD in plasma remains a major issue in the quantitation of PET studies with FDOPA (Sossi et al, 2003) . In the original description of K in app , it was assumed that the OMFD concentrations in the reference region and striatum are identical (Martin et al, 1989) , a claim that has been supported by PET investigations of the brain distribution of OMFD (Wahl et al, 1994; Dhawan et al, 1996) . Thus, subtraction of the total radioactivity in the reference region is an appropriate correction for the OMFD radioactivity in the VOI, assuming that brain COMT activity does not heterogeneously alter the relationship between brain FDOPA and OMFD concentrations . However, it does not follow that subtraction of the total reference tissue radioactivity correctly isolates the summed brain radioactivities of FDOPA and its decarboxylated metabolites.
Based on the definition of net blood-brain clearance, the total distribution volume of FDOPA together with its decarboxylated metabolites in an VOI must be underestimated after subtraction of the total radioactivity concentration in the nonbinding reference region, even if the FDOPA concentrations in the two brain regions were identical. However, the precursor pool in striatum of rat (Cumming et al, 1987a) and monkey (Endres et al, 2004 ) is progressively depleted relative to the cerebellum because of high activity of DOPA decarboxylase in the former tissue. Thus, subtraction of the reference tissue total radioactivity produces in some brain regions an oversubtraction of the precursor pool for [
18 F]fluorodopamine synthesis. This phenomenon underlies the offset of some 15 mins after FDOPA injection before the calculation of positive [
18 F]fluorodopamine concentrations in human putamen (present Figure 3A , and see Martin et al, 1989) , even though biochemical studies ex vivo show that high concentrations of [ 18 F]fluorodopamine are present in rat striatum within minutes of FDOPA injection (Cumming et al, 1988 .
For the above reasons, the conventional calculation of K in app is a priori expected to underestimate the true magnitude of the net influx of FDOPA to brain regions containing the enzyme DOPA decarboxylase. In the present study, we have attempted to make a more correct subtraction of the brain radioactivity attributable to OMFD entering from circulation, calculated using a constrained compartmental model; this subtraction makes evident the presence of FDOPA and its decarboxylated metabolites in the putamen in the early phase of the PET recording ( Figure 3A) . As predicted from the above discussion, we find the magnitude of K app to be positively offset with respect to the corresponding estimates of K in app ( Figure 3B ). The magnitude of this offset or bias, evident to visual inspection of the influx maps ( Figure 5 ) was uniformly 0.0042 mL/g min in the brain of the healthy young subjects and 0.0027 mL/ g min in the healthy elderly and Parkinson's disease subjects (Table 2) . In relative terms, the bias of K in app was particularly great in the cerebral cortex, where the magnitude of K in app is normally close to zero. Insofar as the net blood-brain clearance of FDOPA is an index of levodopa utilization, the present analysis suggests that cortical levodopa utilization may have been substantially underestimated in previous FDOPA/PET studies using linear graphical analysis. Indeed, results presented in Table 3 suggest that the intrinsic FDOPA consumption in cerebral cortex may have been underestimated by a factor of 10 in previous analyses.
In principal, bias in the estimation of K in app because of the oversubtraction of the precursor pool in the brain might properly be assessed in PET studies in which the activity of peripheral COMT was pharmacologically blocked. Indeed, pharmacological blockade of COMT greatly enhances the formation of [ 18 F]fluorodopamine in striatum of rats (Cumming et al, 1987b) and monkey (Gü nther et al, 1995) . However, blockade of COMT with entacapone did not substantially alter the magnitude of the striatal activity of DOPA decarboxylase (k 3 D , min À1 ) in patients with Parkinson's disease (Ruottinen et al, 1997) . Relative to a drug-free baseline condition, the peripherally acting COMT inhibitor entacapone (OR-611) decreased the net FDOPA influx calculated relative to an occipital cortex input in Parkinson's disease patients, but not in healthy control subjects (Ruottinen et al, 1995) , whereas a centrally acting COMT inhibitor (tolcapone) was without effect on the magnitude of K in app in monkey striatum . Treatment with entacapone was without effect on the estimation of K in app in human patients with Parkinson's disease (Ishikawa et al, 1996b) , but decreased the magnitude of K in app in healthy monkey striatum (Léger et al, 1998) ; in both studies COMT inhibition revealed the sensitivity of the compartmental modeling approach to the presence in plasma of OMFD. Together, the results of these studies suggest that effects of OMFD on the estimation of FDOPA net influx cannot be unambiguously assessed by pharmacological blockade of COMT because of the confounding effects of pharmacological treatment on blood-brain transport and central metabolism.
In the present study, we have replicated our earlier finding that, whereas the relative activity of whole body COMT with respect to FDOPA in plasma (k 0 D ) was nearly identical in the present three groups, the rate constant for elimination of OMFD from plasma (k À1 D ) was reduced in the elderly, a phenomenon, which may be related to impaired renal clearance . Consequently, after normalization to a common AUC for the arterial FDOPA input, we find that the AUCs for OMFD were significantly increased by 44% in plasma ( Figure 4A ). After normalization, the cerebellum concentrations of OMFD were greater in the healthy elderly subjects at times after 50 mins, although the final AUCs did not differ ( Figure 4B ). Thus, after normalization the temporal changes in the ratio between FDOPA (not shown) and OMFD concentrations in the reference region may be distinct in the young and old. This phenomenon may have consequences for the estimation of FDOPA utilization using reference tissue methods (Hoshi et al, 1993) .
Previous studies have revealed k 3 s , a referencetissue index of FDOPA utilization, to be unchanged in frontal cortex of patients with bilateral Parkinson's disease, but increased in hemi-Parkinson's disease (Rakshi et al, 1999) , whereas others find K in app to be increased in frontal cortex of Parkinson's disease (Kaasinen et al, 2001) . While the present maps of K app do not suggest a difference in FDOPA utilization in frontal cortex of the present group of five Parkinson's disease patients relative to the healthy elderly, they do reveal a hitherto unreported decline of FDOPA utilization throughout the neocortex in the healthy aged group (see Table 3 ), which is less evident to inspection of the corresponding K in app maps ( Figure 5 ). This difference in K app was statistically significant in the VOI analysis, suggesting that cortical FDOPA utilization indeed declines with normal ageing. Nonetheless, the magnitude of the estimate of K was greater in medial frontal cortex of both elderly subject groups than in the healthy young subjects. However, this parameter may tend to be overestimated in brain regions with low intrinsic FDOPA utilization and relatively poor storage, because of the trade-off between the estimations K and k loss when the specific signal is low.
In the present approach, the and for the diffusion of its acidic metabolites from the brain (k 9 ) have been calculated on the basis of biochemical studies ex vivo (Cumming et al, 1994) , and have been arbitrarily fixed as equal in an earlier FDOPA/PET analysis . While these two parameters cannot be distinguished in the present graphical analysis, their composite determines the magnitude of k loss . We have earlier argued that the activity of monoamine oxidase with respect to labeled dopamine is a function of the partitioning of substrate between the cytosolic and vesicular compartments (Deep et al, 1997) . As such, the magnitude of k loss is a surrogate marker for the vesicular storage capacity. The present finding of relatively high k loss in the cerebral cortex is consistent with earlier biochemical findings in rat hippocampus (Cumming et al, 1995) , suggesting that the [
18 F]fluorodopamine formed in extrastriatal regions may be particularly unprotected from catabolism by monoamine oxidase. However, we have argued above that the simultaneous determinations of K and k loss may be unreliable in the cerebral cortex because of the low specific signal in that tissue.
Using the K in method, we have earlier estimated the magnitude of k loss to be 0.004 min À1 in the striatum of living pigs with 120-min-long FDOPA emission recordings, although the variability of the estimate of k loss was very high (Danielsen et al, 1999) . In the present study, we were unable to obtain stable estimates of K in and k loss in human FDOPA recordings of 120-min duration, but were able to estimate K and k loss . However, the magnitude of K in striatum did not differ between normal young, normal aged, and Parkinson's disease patients in the present study. We have earlier shown that the simultaneous determination of K and k 4 in the case of FDG is dependent on the duration of the recording (Kuwabara et al, 1990; Kuwabara and Gjedde, 1991) because of the interrelationship of the kinetically estimated rate constants k 2 , k 3 and k 4 (or k loss ) from imperfect data. In the present context, the inherent value of K is, by definition, the unknowable slope of the net FDOPA uptake plot at time zero before any washout has taken place. Thus, in the present study, uncertainty in the estimation of K is compounded in the striatum of the elderly and Parkinson's disease subjects, in whom the capacity for [
18 F]fluorodopamine storage is apparently impaired. This phenomenon may contribute to the lack of disease-sensitivity of K in the present study.
As shown in Figure 3B , curvature of the conventional K in app plots in the striatum is discernible after only 60 mins of FDOPA circulation, but this curvature was inadequate for the stable estimation of K in and k loss with 120-min recordings. In contrast, early curvature is clearly evident in the K app plots, facilitating the estimation of k loss using the nonlinear method for calculating K. The magnitude of the present estimate of k loss in the caudate and putamen of healthy young adults (0.0015 min À1 ) was close to earlier estimates obtained by the K in analysis of 240-min-long recordings from healthy non-human primates ) and human control subjects (Sossi et al, 2002) , also with 240-min-long recordings. We conclude that the present mathematical subtraction of the brain OMFD unmasks the curvature in the influx plots already present within 120 mins. This finding presents a clear advantage for the design of FDOPA studies, since the 240-min-long recordings are poorly tolerated by healthy volunteers and Parkinson's disease patients.
The apparently superior sensitivity of the present kinetic metabolite subtraction method for estimating k loss could be related to the progressive disappearance of FDOPA from plasma and the cerebellum, such that there is a considerable delay before the over-subtraction of the brain FDOPA becomes insignificant for the calculation of K in , that is, when the concentration of FDOPA approaches zero in all brain regions. Relative to the young group, we find that the magnitude of k loss in the striatum of the healthy elderly was two-fold elevated, whereas the EDV 2 was two-fold reduced, suggesting an age-related impairment of the capacity to store [
18 F]fluorodopamine in synaptic vesicles. Comparison with the results obtained in the Parkinson's disease group suggests that the neurologic disease is associated with a further two-fold increase in k loss and two-fold decrease in EDV 2 in excess of the decline related to normal ageing, in close agreement with a recent comparison of EDV 1 in healthy age-matched control subjects and patients with early Parkinson's disease (Sossi et al, 2004) .
Consistent with the present results, the magnitude of k loss has been found to be elevated two-three-fold in the striatum of monkeys with MPTP-induced parkinsonism Sossi et al, 2001; Cumming et al, 2001) , and in patients with idiopathic Parkinson's disease (Sossi et al, 2002) . The present estimates of the magnitude of k loss predict that the half-life for [
18 F]fluorodopamine formed in the caudate and putamen declines from 7 h in the healthy young to 3 h in the healthy elderly, and only 75 mins in patients with early Parkinson's disease (Hoehn and Yahr II). The latter calculation of impaired retention of newly synthesized dopamine seems consistent with the duration of clinical response to levodopa treatment in early Parkinson's disease .
In the present study, the magnitudes of K in app (and K app ) were significantly reduced by one third in the putamen (but not the caudate nucleus) of the Parkinson's disease patients relative to the healthy aged controls and the young control subjects. This finding of reduced FDOPA net influx specifically to the putamen of Parkinson's disease patients is consistent with a large number of previous PET studies (Snow et al, 1990; Bhatt et al, 1991; Hoshi et al, 1993; Ishikawa et al, 1996a; Vingerhoets et al, 1996; de la Fuente-Fernández et al, 2000; Rousset et al, 2000) . The magnitudes of K in app and K app (and K) in the striatum were not significantly different between the present groups of healthy young and aged subjects, in agreement with a large number of earlier PET studies failing to detect age-related alterations in FDOPA utilization in the striatum in the absence of neurologic disease (see Cumming and Gjedde, 1998) . However, the apparent stability of striatal FDOPA utilization with normal aging seems surprising; post mortem histologic (McGeer et al, 1977) and immunohistochemical studies (Cabello et al, 2002) have earlier shown loss of pigmented neurons in the substantia nigra at a rate of approximately 7% per decade of healthy aging. Furthermore, the specific binding of the vesicular transporter ligand [ 11 C]dihydrotetrabenazine in living striatum of healthy humans declines by 6% per decade (Taylor et al, 2000) , which predicts a decline in the capacity for [
18 F]fluorodopamine retention in the aged brain. Thus, the present finding of reduced EDV 2 with healthy ageing is consistent with some earlier reports of a progressive impairment of other markers of the integrity of dopamine neurons, but constitutes the first report of changes in striatal FDOPA metabolism and trapping as a function of normal aging. Furthermore, the present analyses of k loss and EDV 2 have detected changes in the caudate nucleus of Parkinson's disease patients, which were not evident in the linear graphical analyses of that structure.
We have earlier reported regulation of the activity of DOPA decarboxylase in living rat striatum (Cumming et al, 1995) . Previous PET studies suggest FDOPA influx is less impaired than is [
11 C]dihydrotetrabenazine binding in striatum of patients with early Parkinson's disease, suggesting that increases in FDOPA utilization can occur in compensation for reduced [ 18 F]fluorodopamine storage capacity (Lee et al, 2000) . This phenomenon has been invoked to explain the greater sensitivity of EDV 1 than K in app in the discrimination of normal and Parkinson's disease patients (Sossi et al, 2004) . Indeed, all the net influx terms defined in Table 2 might be perturbed by compensatory mechanisms so as to optimize FDOPA utilization in patients with an early stage of Parkinson's disease. On the basis of the present findings, we furthermore suggest that compensatory increases in the utilization of FDOPA can accommodate a premorbid decline in [
18 F]fluorodopamine storage capacity occurring with normal ageing. As such, the kinetic parameter k loss may more aptly reveal nonpathological declines and disease-related decompensation of FDOPA utilization than do the net influx parameters, which are relatively insensitive indices of age-and diseaserelated changes (Table 3) .
In summary, we have developed a new approach for quantitative analysis of FDOPA influx to the brain. Using a constrained compartmental analysis, we first estimated the brain concentration of the plasma metabolite OMFD, and then subtracted this concentration frame-by-frame from all voxels, before calculation of the net influx by linear regression (K app ). Consistent with theory, we find that oversubtraction of the precursor pool in the conventional linear analysis of FDOPA influx (K in app ) results in a global negative bias relative to K app . The present method reveals an age-related decline in the magnitude of FDOPA utilization in the medial frontal cortex, apparently obscured by the presence of brain OMFD. The new method furthermore reveals the early curvature of influx plots, such that the magnitude of k loss and the EDV 2 can be estimated from 120-min-long emission recordings. This analysis reveals for the first time an age-related decline in the storage capacity for [
18 F]fluorodopamine formed in normal human striatum, and supports earlier findings that storage capacity is a more sensitive marker of the integrity of dopamine innervations than are estimates of the net FDOPA influx to brain.
